ABSTRACT
INTRODUCTION
The Lovell development came to the attention of a regional DNO at the planning stage, which afforded a unique opportunity to install monitoring equipment during the project's construction phase.
The development in Manchester consists of some 500 houses, each of which is equipped with a 1kW e 'Whispergen' micro-Combined Heat and Power (μCHP) unit. This development was the first of its kind in the UK, and was the subject of an introductory paper presented at CIRED 2007 [1] . Figure 1 shows a typical building.
The Whispergen employs a gas-fired Stirling engine, which is connected to a power-factor corrected induction generator. It is designed to replace a central heating boiler, latest versions producing 1kW of electricity and between 5.5 and 12kW of heat. The 1kW rating is similar to the After-Diversity-Maximum-Demand (ADMD) of the properties, which means that significant reductions in peak loads ought to be experienced. The potential for the estate to become a generator of electrical energy is also present, if the μCHP units are active in the early morning when loads are low. To observe the site's network, the feeder supplying a first phase of the development has been equipped with power quality monitoring instruments.
Utilising house import and export energy data provided from a separate project [2] , power quality and voltage 
The Installation of Monitoring Equipment
The first phase of the development consists of 54 homes supplied from a 1000kVA distribution transformer. The feeder is a 300mm 2 Combined Neutral and Earth (CNE) cable, extending approximately 300m from the substation to the last customer. Monitoring equipment was installed at the substation, and at enclosures (pillar-boxes) installed at the middle and endpoints of the cable. Figure 2 shows the location of the monitoring points. The power quality monitors are LEM Memobox 300A Smart, which measure voltages and currents on all three phases of the supply. The Home Heating System
Each of the homes is equipped with a Whispergen μCHP system and a thermal store. The homes themselves are designed to have low energy usage, and the thermal store is required to maximise the μCHP unit cycle duration and carbon savings. The system is heat-led, which means that the μCHP unit turns on when the thermal store is depleted (reaches low set-point temperature), charging the store to the high set-point temperature. The house hot water and heating demands are drawn from the thermal store. The units cycle on and off according to the store temperature rather than a timeclock as for conventional systems. The Whispergen version installed was '4b', manufactured in New Zealand. A cut-away drawing is shown in Figure 3 .
POWER AND POWER QUALITY INDICATORS
As the site was the first cluster of its kind in the UK, it attracted interest from DNOs. In the UK, distribution systems are operated towards the upper voltage limit. Domestic generator systems have the potential to cause this limit to be exceeded. This was one concern the trial has 2 impedance). Note that the lower impedance of 300mm 2 cable will also improve power quality such as flicker.
To provide information for these analyses, the power quality and loads were recorded from the three monitoring locations (substation, middle and end-points) along the feeder.
Housing Estate Consumptions
The daily average energy consumed by the 54 homes, measured at the substation is displayed in Figure 4 . Load peaked at a daily average of 76kW. With 1kW ADMDs, daily average loads are expected to be around 30kW. Average loads in the order of 60kW are more like those to be expected in electrically heated properties. A probabilitydensity interpretation of the power drawn is presented in Figure 5 .
From the real power distribution, it is apparent that the 54 homes (and 54kW of generation) very rarely export energy through the distribution transformer. Single-phase exports occurred for only 24 hours out of the whole year, and threephase export was not achieved in any 10-minute period, although it could have been achieved transiently.
The short-term flicker parameter P st is an indicator of the level of voltage fluctuations based on the perception of artificial-lighting illuminance levels. This parameter would be affected by excessive motor/generator starting currents. Flicker was measured, and the maximum and average flicker levels compared against the time-of-day for a 3-month period. These are presented in Figure 6 occasions when a supply interruption occurred. On average, flicker was more prevalent during the morning hours, and not during the evening when the greatest generation occurred. Levels of voltage unbalance and other power quality parameters were nominal.
The voltage profile for this feeder was determined using data from the substation, middle and endpoint loggers, and shows the maximum and minimum voltages delivered.
Customer maximum demands, lengths and sizes of service cables, together with voltage recordings were used to determine the voltage at the point of customer connection. Figure 7 shows the voltage profile along the feeder, at a substation target voltage of 240V.
The maximum voltage range experienced by a customer is 12.3V, well within the 37V range allowed for in the UK supply voltage range of 230V +10%,-6% [3] . As previously mentioned, the upper voltage limit can be easily exceeded on distribution systems, when generation is present. The next section describes this problem in the context of the UK, and the importance of generation being coincident with load. 
The Voltage Rise Due to Generation
In the UK the voltage specification is 230V +10%, -6%. Before 1995, the limits were 240V ±6%. Most distribution transformers are set to deliver approximately 250V at the transformer terminals, since this results in a relatively high voltage being delivered to consumers, and compensates for voltage drops. A higher voltage generally results in reduced flicker and reduced customer complaints. However, any export through the distribution transformer is likely to result in the upper voltage limit being exceeded on the LV distribution system. Therefore, it is important to know whether generation occurs coincident with load. If generation is coincident with load, then the magnitude of the load is reduced and problems due to voltage rise are less severe. Vice versa, where the generation is greater than the load, voltage rise will be a concern.
The monthly-average generation and load is displayed in Figure 8 . From this figure, it is evident that generation is normally less than load. Therefore the generation on this site acts to reduce loads rather than cause exports at the transformer. Despite this fact (on a monthly average basis), it should be understood that generation will occasionally exceed the load on single or multiple phases. This has also been seen at the Lovell site. Transient voltage rises (of the endpoint with respect to the substation) were limited to 3.6V. The maximum 10-minute average voltage rise was just 1V (on a 300mm 2 cable).
Network Design Factors
The After-Diversity Maximum Demand (ADMD) is often used in network design to estimate network loads. The difference in magnitude between the load and generation can be measured using ADMD values. For the load, the ADMD was 1.4kW, whilst for generation the ADMD was just 0.1kW.
Despite the load ADMD being much higher than the generation ADMD, exports did still occur. These were rare, and exports occurred on single phases for just 24hrs in a whole year. It is a natural consequence of the diversity in both generation and load, that these occurred. They were experienced during morning hours (0600-1100 hours) when loads were low, rather than evening hours when generation was high.
AN ANALYSIS OF CONSUMER LOADS
It has already been mentioned that the loads on the estate were higher than expected. To investigate the cause, import and export metering data was obtained. This showed that electric heating was in use. Long periods were evident where the demand had increased by some 3kW from nominal, which was due to the activation of the backup electric heating element in the thermal store. The load profile from one of the houses using electric heating is displayed in Figure 9 . The 3kW element is activated around 0800 hours. It appears that a second 3kW element may have been switched on around 1100 hours, with both elements switched off soon after midday. The 3kW element appears to cycle on and off during the day and night hours, just as the Whispergen operates to charge the thermal store.
Load profiles were analysed for each of the 37 houses for which metering data was available. As a result of this analysis, it was estimated that a third of the houses were using the electric element on that day. In this case, the element was only used as a backup heat source. The Whispergen units are also equipped with an auxiliary gas burner, and it is understood that the latest versions could have the ability to heat houses using gas instead of electricity, in the event of μCHP unavailability.
ONGOING DEVELOPMENTS
The monitoring period described in this paper concluded in March 2008, at which time new Whispergen units were being installed. The currently installed version is the '5b', which is the same as that which will be mass-produced in the near future. 
CONCLUSIONS
This monitoring project took advantage of a unique opportunity which arose in the UK. Power quality monitoring equipment was installed at the site of a μCHP cluster, to observe their network effect. Meter readings were used to determine the amounts of generation to be determined. These two sources of data have allowed power quality and voltage effects to be correlated with μCHP generation.
No significant flicker or other power quality effects were observed. Due to the load being, on average, higher than the generation, the effect of μCHP has been to reduce loads rather than cause exports. As a consequence, voltage rise is a rare occurrence. However, exports do occasionally occur when loads are low, and in these cases a voltage rise (small at this site, but greater for existing networks) is evident.
The project has also afforded a window on the development of the Whispergen μCHP system. In terms of network design, the Whispergen technology seen in this project has
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Time of day (hours GMT) a moderate effect on the network, acting to reduce load rather than cause export through the distribution transformer. It suggests heat-led μCHP units, equipped with thermal stores, can be easily accommodated on UK networks, provided that allowance is made for short duration voltage rises.
